Introduction
============

Arachidonic acid (AA; 20:4 n-6), which is a 20-carbon, 4-double-bond, long-chain polyunsaturated fatty acid (LCPUFA) of the ω-6 type, is an essential fatty acid that is not synthesized by the human body. AA is the major source of eicosanoids, which are lipid modulators of vascular function. Eicosanoids mainly act locally by signaling via specific receptors, and are able to modulate numerous functions, including vasomotor tone, hemostasis, inflammation and cell proliferation. In the pathological setting of atherosclerosis, eicosanoids serve important roles, since they contribute to endothelial dysfunction and induce inflammation, arterial smooth muscle cell hyperplasia and thrombosis ([@b1-mmr-16-04-4756]).

An epidemiological study in Greenlandic Inuits suggested a key role for fish oil (ω-3 LCPUFA) in the prevention of atherosclerotic diseases ([@b2-mmr-16-04-4756]). Following this landmark study, the health benefits of ω-3 LCPUFAs, which predominantly comprise eicosapentaenoic acid (EPA; 22:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3), as part of a fatty acid-rich diet have been extensively researched; large-scale epidemiological studies, clinical outcome trial, and meta-analyses have reported a significant reduction in relative cardiovascular risk in response to intake of ω-3 PUFAs ([@b3-mmr-16-04-4756]--[@b7-mmr-16-04-4756]). Therefore, the balance between EPA or DHA and AA in the human body is likely to be important for regulating the production of mediators, thus affecting vascular function. Notably, the serum EPA to AA (EPA/AA) ratio has been reported to be a promising biomarker for the risk of cardiovascular disease, not only in the general population ([@b8-mmr-16-04-4756]), but also in a post-hoc analysis of the results of a clinical trial ([@b9-mmr-16-04-4756]).

The efficacy of statins for primary and secondary prevention of cardiovascular disease has been established ([@b10-mmr-16-04-4756]), and low-density-lipoprotein cholesterol (LDL-C)-lowering therapy with statins has been used as first-line treatment. Despite the significant LDL-C-lowering effects of statins, substantial residual cardiovascular risk remains ([@b11-mmr-16-04-4756]), and numerous risk factors, including low levels of high-density-lipoprotein cholesterol and high levels of triglycerides, have attracted attention. Notably, an increase in plasma AA concentrations, and a decrease in plasma ω-3 fatty acid concentrations and/or plasma ω-3/AA ratio, has been observed in patients treated with statins ([@b12-mmr-16-04-4756]--[@b17-mmr-16-04-4756]); these findings may be associated with the residual risk following the initiation of statin treatment. These findings suggest that statins regulate the endogenous biosynthesis of LCPUFAs.

LCPUFAs are endogenously biosynthesized from ω-6 and ω-3 PUFA precursors by position-specific desaturation and carbon-chain elongation reactions ([@b18-mmr-16-04-4756]). Endogenous synthesis of LCPUFA and the degree of unsaturation of the biological membranes depend largely on the actions of the fatty acid desaturases FADS1 (∆5-desaturase), FADS2 (∆6-/∆8-/∆4-desaturase) and putative FADS3, as well as elongation of very long-chain fatty acids proteins (ELOVLs) ([@b19-mmr-16-04-4756]). A recent genome-wide association study demonstrated that the genes mediating endogenous synthesis of LCPUFAs contribute to variability in the efficiency of LCPUFA synthesis, and that synthesis is likely controlled by the levels of FADS2 and FADS1, as well as by the elongases, depending on genotype and metabolic state ([@b19-mmr-16-04-4756]).

Since *Fads1*, *Fads2* and ELOVL fatty acid elongase 5 (*Elovl5*) are known to be involved in endogenous biosynthesis of AA and EPA ([@b19-mmr-16-04-4756]), the present study investigated the effects of atorvastatin on the expression of these genes and the regulatory mechanism via the mevalonate cascade. Mouse 3T3-L1 adipocytes were used in the present study, since these cells are known to have a functional FADS pathway ([@b20-mmr-16-04-4756]).

Materials and methods
=====================

### 3T3-L1 cell culture

Mouse 3T3-L1 preadipocytes were purchased from Health Science Research Resources Bank (Osaka, Japan). The cells were cultured in basal medium, which consisted of Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) at 37°C in an atmosphere containing 5% CO~2~. For adipocyte differentiation, 3T3-L1 preadipocytes were precultured in basal medium until \~100% confluent, and were then cultured in differentiation medium containing DMEM, 10% FBS, 10 µg/ml insulin, 0.25 µM dexamethasone and 500 µM 3-isobutyl-1-methylxanthine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). After 48 h, cells were transferred in differentiation medium without 3-isobutyl-1-methylxanthine and dexamethasone and were cultured at 37°C for 48 h. The differentiated cells were exposed to 10, 30 and 100 µM atorvastatin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in DMEM at 37°C for 48 h in combination with various agents: 10 µM to 10 mM Mevalonolactone, 10 µM geranylgeranyl pyrophosphate (GGPP), 10 µM farnesyl pyrophosphate (FPP) and 10 µM cholesterol (Sigma-Aldrich; Merck KGaA). To examine the involvement of Rho kinase signaling, the cells were also incubated at 37°C for 48 h with 50 or 100 µM Y-27632 (Wako Pure Chemical Industries, Ltd.), which is a selective inhibitor of Rho-associated protein kinase. For all experiments, the vehicle group contained cells treated with 0.1% methanol in the basal medium; the control group contained cells treated with 30 µM atorvastatin in the basal medium.

### Cell viability

Cell viability was assessed 48 h following treatment with the various reagents, by measuring mitochondrial activity, which reduces WST-8 to formazan, using the Cell Counting Kit-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to manufacturer\'s protocol.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total cellular RNA was extracted from 3T3-L1 cells using the RNeasy kit (Qiagen S.A.S., Courtaboeuf, France). The concentration of each sample was determined spectrophotometrically by measuring absorbance at 260 nm. Reverse transcription was performed using the PrimeScript^®^ RT reagent kit (Takara Bio, Inc., Otsu, Japan). The temperature protocol used was as follows: Reverse transcription at 37°C for 15 min, inactivation of reverse transcriptase with heat treatment at 85°C for 5 sec, and storage at 4°C. Quantification of mRNA expression was performed using SYBR^®^ Premix Ex Taq™ II (Takara Bio, Inc.) on a Mx3005P qPCR system (Agilent Technologies Japan, Ltd., Tokyo, Japan). Thermocycling conditions were as follows: Enzyme activation 95°C for 30 sec, initial denaturation at 95°C for 5 sec, followed by 40 cycles of annealing/extension at 60°C for 30 sec. This was followed by a melt curve analysis according to the manufacturer\'s protocol to ensure specific amplification. The following primers were used: Mouse *Fads1* sense, 5′-CCAGCTTTGAACCCACCAAGA-3′ and antisense, 5′-CAGCAGGATGTGAAGCAGGTAGAC-3′; mouse *Fads2* sense, 5′-GTCATCGACCGCAAGGTCTACA-3′ and antisense, 5′-AGAACTTGCCCACGAAGTCCA-3′; mouse *Elovl5* sense, 5′-CAGGGCCCAGAGCTTGTTAGTTTA-3′ and antisense, 5′-ACCAAGGGTGCCATCAGATTTC-3′; and mouse *GAPDH* sense, 5′-TGTGTCCGTCGTGGATCTGA-3′ and antisense, 5′-TTGCTGTTGAAGTCGCAGGAG-3′. GAPDH expression was used as an internal standard. Relative mRNA expression was calculated using the comparative Cq method and was normalized to GAPDH expression ([@b21-mmr-16-04-4756]).

### Statistical analysis

All data are presented as the mean ± standard deviation. SPSS software (version 11.5; SPSS, Inc., Chicago, IL, USA) was used to statistically analyze the data. Treatment effects were evaluated using one-way analysis of variance followed by Bonferroni multiple comparison test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of atorvastatin on cell viability of 3T3-L1 adipocytes

After 48 h, atorvastatin inhibited cell viability in a dose-dependent manner. Atorvastatin significantly decreased cell viability to 84.5±1.9% at 30 µM and to 82.0±8.1% at 100 µM ([Fig. 1A](#f1-mmr-16-04-4756){ref-type="fig"}); these results are consistent with those of a previous study ([@b22-mmr-16-04-4756]). Atorvastatin-mediated decreases in cell viability were reversed by the addition of mevalonolactone in a dose-dependent manner, with full reversal observed at 1 mM ([Fig. 1B](#f1-mmr-16-04-4756){ref-type="fig"}); however, mevalonate in the absence of atorvastatin did not affect cell viability ([Fig. 1B and C](#f1-mmr-16-04-4756){ref-type="fig"}). These data suggested that the observed decrease in cell viability induced by atorvastatin may be due to a decrease in mevalonate or its metabolites occurring as a consequence of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibition. When metabolites of the mevalonate cascade were examined, GGPP at 10 µM completely reversed atorvastatin-mediated decreases in cell viability, in a similar manner to mevalonolactone; however, FPP and cholesterol (10 µM) had no such effect after 48 h ([Fig. 1C](#f1-mmr-16-04-4756){ref-type="fig"}).

### Effects of atorvastatin on Fads1, Fads2 and Elovl5 gene expression in 3T3-L1 adipocytes

The role of the intrinsic mevalonate cascade in *Fads1*, *Fads2* and *Elovl5* mRNA expression was investigated in mouse 3T3-L1 cells. Treatment with atorvastatin for 48 h increased the mRNA expression levels of *Fads1*, *Fads2* and *Elovl5* to 105.4±3.5, 109.5±7.9 and 106.0±4.1% at 10 µM, and 168.1±1.5, 235.6±5.5 and 147.1±1.0% at 30 µM, respectively, in a dose-dependent manner ([Fig. 2](#f2-mmr-16-04-4756){ref-type="fig"}). Upregulation of these genes by atorvastatin (30 µM) was reversed following the addition of mevalonolactone in a dose-dependent manner, with full reversal observed at 1 mM ([Fig. 3](#f3-mmr-16-04-4756){ref-type="fig"}); however, mevalonate in the absence of atorvastatin did not significantly affect *Fads1*, *Fads2* and *Elovl5* mRNA expression ([Figs. 3](#f3-mmr-16-04-4756){ref-type="fig"} and [4](#f4-mmr-16-04-4756){ref-type="fig"}). In addition, the present study examined the roles of mevalonate metabolites on the mRNA expression levels of *Fads1*, *Fads2* and *Elovl5* in atorvastatin-treated cells; treatment with 1 mM mevalonolactone or 10 µM GGPP reversed atorvastatin-induced upregulated mRNA expression, whereas FPP and cholesterol did not ([Fig. 4](#f4-mmr-16-04-4756){ref-type="fig"}). These data suggested that the observed increases in *Fads1*, *Fads2* and *Elovl5* mRNA expression induced by atorvastatin may be due to decreases in mevalonate metabolites, particularly GGPP, occurring as a consequence of atorvastatin-induced HMG-CoA reductase inhibition.

### Effects of the Rho kinase inhibitor Y-27632 on Fads1, Fads2 and Elovl5 gene expression

Since GGPP is responsible for post-translational activation of the small GTPase RhoA, it is possible that the atorvastatin-induced depletion of GGPP leads to inhibition of RhoA and its effector Rho-associated protein kinase (ROCK), which is one of the major downstream targets of RhoA. Therefore, the present study examined whether Y-27632, a Rho kinase inhibitor, may abolish the effects of MVA and GGPP to restore the atorvastatin-induced upregulation of *Fads1*, *Fads2* and *Elovl5* mRNA expression. Y-27632 dose-dependently inhibited the both MVA and GGPP-induced suppression of *Fads1*, *Fads2* and *Elovl5* mRNA expression in atorvastatin-treated 3T3-L1 adipocytes ([Fig. 5](#f5-mmr-16-04-4756){ref-type="fig"}).

Discussion
==========

The main objective of the present study was to verify whether treatment with atorvastatin, an HMG-CoA reductase-specific inhibitor ([@b22-mmr-16-04-4756]), affects the mRNA expression levels of *Fads1*, *Fads2* and *Elovl5*, and to elucidate the mechanisms involved. The present study demonstrated that although atorvastatin decreased cell viability, as reported previously ([@b22-mmr-16-04-4756]), the drug upregulates the mRNA expression levels of *Fads1*, *Fads2* and *Elovl5* in a dose-dependent manner in 3T3-L1 adipocytes. Furthermore, the findings of the present study suggested that cellular depletion of mevalonate and GGPP may be involved in the upregulation of *Fads1*, *Fads2* and *Elovl5* expression, and the decrease in cell viability induced by atorvastatin. By inhibiting HMG-CoA reductase, which is a rate-limiting enzyme in the cholesterol synthesis pathway, atorvastatin may decrease the levels of these compounds, which are intermediates of the pathway. Since GGPP is responsible for the post-translational activation of RhoA, atorvastatin-induced depletion of GGPP may lead to inhibition of RhoA and its effector ROCK. Notably, the present study revealed that treatment with a ROCK inhibitor (Y-27632) reversed the GGPP-induced suppression of *Fads1*, *Fads2* and *Elovl5* expression in atorvastatin-treated 3T3-L1 adipocytes. To the best of our knowledge, the present study is the first to report the involvement of GGPP-dependent Rho and ROCK in atorvastatin-induced upregulation of *Fads1*, *Fads2* and *Elovl5* mRNA expression.

The effect of statins on the endogenous synthesis of LCPUFAs was first reported by Hrboticky *et al* ([@b23-mmr-16-04-4756]). Using human monocytic Mono-Mac-6 and HepG2 hepatoma cells, it was demonstrated that lovastatin increased AA levels and stimulated thromboxane synthesis, indicating that statins may regulate the endogenous biosynthesis of LCPUFAs. Similar statin-induced alterations in the endogenous synthesis of LCPUFAs have been reported by a previous study ([@b24-mmr-16-04-4756]). Furthermore, the *in vivo* effects of statins on endogenous synthesis of LCPUFAs have been demonstrated on the erythrocyte membrane in patients treated with simvastatin for 2 months ([@b25-mmr-16-04-4756]), and simvastatin treatment was associated with an increase in AA content in the erythrocyte membrane. In Japanese patients with hyperlipidemia, plasma AA concentrations were significantly increased, and the EPA/AA ratio was significantly decreased following statin treatment ([@b26-mmr-16-04-4756]). Similar results were reported in other studies ([@b12-mmr-16-04-4756]--[@b16-mmr-16-04-4756],[@b27-mmr-16-04-4756]).

Since the endogenous synthesis of LCPUFAs depends largely on the actions of FADSs and ELOVLs ([@b19-mmr-16-04-4756]), regulation of the expression of genes encoding these proteins may be critical for endogenous synthesis of LCPUFAs. A meta-analysis of 51 human studies on the LCPUFA contents in plasma, erythrocyte or adipose tissue indicated that the proportion of DHA (22:6 n-3) is 37% lower in men than in women ([@b28-mmr-16-04-4756]), suggesting the important roles of sex hormones in the endogenous synthesis of LCPUFAs. An *in vitro* study reported that progesterone upregulated n-3 LCPUFA biosynthesis by increasing the mRNA expression levels of genes involved in this pathway in human liver cells ([@b29-mmr-16-04-4756]). Therefore, it is conceivable that statins may affect the expression and functions of FADSs and ELOVLs; in particular, *Fads1, Fads2* and *Elovl5* are known to be involved in the endogenous biosynthesis of AA ([@b19-mmr-16-04-4756]). The present study clearly demonstrated that atorvastatin induced the upregulation of *Fads1, Fads2* and *Elovl5* mRNA expression. Although simvastatin-induced *Fads1* and *Fads2* upregulation has been detected in human lymphoblasts ([@b30-mmr-16-04-4756]), the present study is the first, to the best of our knowledge, to report the statin-induced upregulation of *Elovl5* mRNA expression.

Notably, the present study indicated that the atorvastatin-induced decrease in cell viability and upregulation of *Fads1*, *Fads2* and *Elovl5* expression were fully reversed by co-incubation with mevalonolactone and its metabolite GGPP, but not by cholesterol. Although statin-induced suppression of cell proliferation and viability, and statin-induced apoptosis, have been reported to be dependent on mevalonic acid and GGPP in various cell types ([@b22-mmr-16-04-4756],[@b31-mmr-16-04-4756],[@b32-mmr-16-04-4756]), the present study is the first, to the best of our knowledge, to report that atorvastatin-induced upregulation of *Fads1*, *Fads2* and *Elovl5* expression is reversed by the addition of GGPP. In addition, the present study revealed that the ROCK inhibitor Y-27632 may abolish the GGPP-induced reversal of atorvastatin-mediated upregulation of these genes.

The findings of the present study demonstrated that statins may upregulate these genes via the GGPP-dependent ROCK pathway in mouse 3T3-L1 cells ([Fig. 5](#f5-mmr-16-04-4756){ref-type="fig"}). A similar finding was reported in a previous study regarding fibulin-2 expression in human coronary artery smooth muscle cells ([@b33-mmr-16-04-4756]), in which simvastatin increased the mRNA expression levels of the extracellular matrix protein fibulin-2 through RhoA and the Rho kinase-mediated pathway. RhoA/ROCK signaling pathways serve central roles in regulating cell adhesion, migration, motility, contraction, apoptosis and proliferation ([@b34-mmr-16-04-4756],[@b35-mmr-16-04-4756]). The RhoA/ROCK signaling pathway is also capable of controlling gene and protein expression ([@b36-mmr-16-04-4756],[@b37-mmr-16-04-4756]); however, the mechanism by which RhoA/ROCK affects *Fads1*, *Fads2* and *Elovl5* expression remains unknown.

Notably, increases in plasma AA concentration, and decreases in plasma ω-3 LCPUFA concentration and/or ω-3/AA ratio, have been observed in patients treated with statins ([@b12-mmr-16-04-4756]--[@b16-mmr-16-04-4756],[@b26-mmr-16-04-4756],[@b27-mmr-16-04-4756]). Although atorvastatin upregulates *Fads1*, *Fads2* and *Elovl5* mRNA expression to increase the endogenous synthesis of LCPUFAs ([Fig. 6](#f6-mmr-16-04-4756){ref-type="fig"}), it remains unclear from the present study why statin treatment predominantly increases ω-6 (AA), but reduces ω-3 (EPA and DHA) LCPUFAs in patients. There are several possibilities, as follows: The substrates for synthesis of ω-6 LCPUFAs, such as linoleic acid (LA; 18:2 n-6), are present in much larger quantities than those for the synthesis of ω-3 LCPUFAs, such as α-linolenic acid (ALA, 18:3 n-3), in *in vivo* and *in vitro* systems; therefore, conversion to AA may be dominant. This possibility is supported by the findings of a previous study, which suggested that ALA supplementation may reduce lovastatin-induced elevation of AA and increase cellular lipoprotein EPA and DHA levels in HepG2 cells ([@b38-mmr-16-04-4756]). Another possibility is that synthesis of ω-6 and ω-3 LCPUFAs differs dependent on cell type. In a previous study, LA, ALA and stearic acid were reported to be metabolized differently in THP-1 and HepG2 cells, and their increased conversion by simvastatin was lower in HepG2 cells compared with in THP-1 cells; however, the precise underlying mechanism remains unknown ([@b24-mmr-16-04-4756]).

The AA-dominant endogenous synthesis of LCPUFAs, which results in decreased plasma ω-3 concentration and/or ω-3/AA ratio, during statin treatment may be clinically important, since serum EPA/AA ratio has been reported as a promising biomarker for the risk of cardiovascular disease, not only in the general population ([@b8-mmr-16-04-4756]), but also in a post-hoc analysis of the results of a clinical trial ([@b9-mmr-16-04-4756]). Therefore, it seems reasonable to recommend ω-3 LCPUFAs supplementation for patients on statin treatment, in order to maintain plasma ω-3 concentrations and the ω-3/AA ratio. Furthermore, a clinical study demonstrated the effectiveness of EPA in reducing cardiovascular events in Japanese patients treated with statins ([@b4-mmr-16-04-4756]).

The present study has some limitations. Mouse 3T3-L1 adipocytes were used as a model to investigate the endogenous synthesis of LCPUFAs, since 3T3-L1 adipocytes have been reported to possess a functional FADS pathway ([@b20-mmr-16-04-4756]); however, it is well known that LCPUFAs in the plasma are largely produced by the liver, and hepatic regulation of endogenous LCPUFA synthesis may be critical. Nevertheless, in our preliminary study using hepatocytes, similar results to those using 3T3-L1 adipocytes were obtained (unpublished data). In addition, it is necessary to demonstrate statin-induced upregulation of *Fads1*, *Fads2* and *Elovl5* gene expression via the GGPP-dependent Rho kinase pathway in an *in vivo* model.

In conclusion, the present study demonstrated that atorvastatin may affect the endogenous synthesis of LCPUFAs by regulating *Fads1*, *Fads2* and *Elovl5* expression via the GGPP-dependent Rho kinase pathway in mouse 3T3-L1 cells.
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![Effects of the Rho kinase inhibitor Y-27632 on (A) *Fads1*, (B) *Fads2* and (C) *Elovl5* mRNA expression in 3T3-L1 adipocytes treated with ATR and GGPP or mevalonate. Data are presented as the mean ± standard deviation of three experiments. \*P\<0.05, \*\*P\<0.01; one-way analysis of variance followe-d by Bonferroni multiple comparison test. ATR, atorvastatin; *Elovl5*, ELOVL fatty acid elongase 5; *Fads*, fatty acid desaturase; GGPP, geranylgeranyl pyrophosphate; MVA, mevalonolactone.](MMR-16-04-4756-g04){#f5-mmr-16-04-4756}
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